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A.  Statement  of  the  problem  studied 

major  goal  has  been  to  analyze  the  excitatory  amino  acid  receptors  in  the 
brain,  particularly  those  mediating  responses  by  glutamate  and  aspartate.  Acidic  amino 
acids,  principally  L-glutamate  and  Lra^>artate,  appear  to  be  the  major  excitatory 
transmitters  in  the  CNS.  As  such,  these  molecules  may  be  the  most  abundant  CNS 
neurotransmitter  class.  L-Glutamate  shows  many  of  the  characteristics  of  other 
neurotransmitters.  Glutamate  is  present  in  high  levels  in  the  brain  and  is  relatively 
enriched  in  select  neurons.  Transmitter  glutamate  is  supplied  to  nerve  terminals  by 
synthesis,  primarily  via  the  enzyme  glutaminase,  and  by  high  affinity  uptake.  Ihe 
mechanism  for  transmitter  inactivation  in  the  synapse  appears  to  be  the  rapid  removal  by 
a  high  affinity  uptake  system.  Both  endogenous  L-glutamate  emd  L-glutamate  derived 
from  exogenously  supplied  radiolabelled  precursors  exhibit  Ciq^^l^dependent  release  upon 
depolarization.  A  transport  system  responsible  for  the  loa%ig  of  L-glutamate  into 
synaptic  vesicles  has  also  been  identified.  Excitatory  amino  acids  act  on  a  variety  of 
distinct  receptor  types,  and  there  are  now  available  many  compounds  which  can  mimic  or 
block  synaptic  activity  at  excitatory  amino  acid  using  synapses. 


Our  approach  has  involved  the  analysis  of  these  receptors  in  isolated  synaptic 
membranes  and  their  further  definition  and  anatomical  localization  via  light  microscopic 
autoradiograph^jj^ 


B.  summary  of  the  most  imp<vtant  results 

Excitatory  amino  acid  activity  is  mediated  by  at  least  four  distinct 
receptors.  Three  receptor  types  have  been  identified  by  electrophysiological 
experiments  wherein  selective  agonists  are  iontophoretically  applied  to  neurons  in 
the  presence  of  antagonists  that  are  also  applied  by  iontophoresis  or  added  to  the 
surrounding  media.  The  agonist-defined  receptors  are  denoted  as  the  N-methyl-D- 
aspartate  (NMDA),  kainate  (KA),  and  quisqualate  (QA)  receptors,  each  referring  to 
the  agonist  by  which  the  receptor  is  selectively  activated.  The  fourth  receptor 
class  is  identified  by  the  potent  antagonistic  action  of  the  L-glutamate  analogue  L- 
2-emino-4-phosphonobutyrate  (L-AP4)  on  synaptic  activity  at  certain  glutamate¬ 
using  synapses. 

1.  We  have  synthesized  and  prepared  radiolabelled  APB  in  association  with  New 
England  Nuclear.  Radiolabelled  2-emino-4-phoq>honobutyric  acid  binds  to  a 
distinct  class  of  L-glutamate  binding  sites  and  does  not  exhibit  appreciable 
binding  to  sites  not  displaced  by  L-glutamate.  The  binding  affinity  (Kq  =  5.1  + 
0.4  and  pharmacological  profile  correspond  to  those  values  obtained  from 
physiological  studies  of  2-amino-4-pho^honobutyric  acid  inhibition  of  ^naptic 
^ansmission,  and  to  those  values  obtained  in  ^H-L-glutamate  binding  assays. 
^H-2-amino-4-phosphobutyric  acid  does  not  exhibit  significant  binding  to  Uie 
Ca''“*'/Cl~  independent  L-glutamate  binding  site(s),  nor  to  the  Na'*'  -dependent 
L-glutamate  binding  site  (up  to  50  mM  Na*^.  It  now  appears  that  the  L-APB 
binding  site  in  membranes  is  heterogeneous  and  further  work  is  necessary  to 
establish  its  exact  identity. 


2. 


We  developed  the  first  autoradiographic  method  for  visualizing  glutamate 
receptors  in  histological  sections  of  brain.  In  the  initial  study,  we  used  the 
hippocampus  to  investigate  possible  subpopulations  of  ^H-L-glutamate  binding 
mtes.  By  using  quantitative  autoradiography,  the  pharmacological  specificy  of 
^H-L-glutamate  binding  in  discrete  terminal  fields  was  determined.  We 
reported  that  there  are  at  least  four  distinct  classes  of  ^H-L-glutamate 
binding  sites  which  differ  in  their  anatomical  distribution,  pharmacological 
profile  and  regulation  by  ions.  Two  of  these  sites  seem  to  correspond  to  the 
KA  and  NMDA  receptor  classes  and  a  third  site  may  represent  the  QA 
receptor.  Ihe  fourth  binding  site  does  not  conform  to  present  receptor 
classifications.  None  of  these  binding  sites  corresponds  to  the  major 
glutamate  binding  site  observed  in  biochemical  studies  with  isolated  membrane 
preparations. 

In  several  foUow  up  studies,  we  analyzed  the  distribution  of  each  receptor 
subtype  (except  the  L-APB  receptor)  in  the  rodent  brain  via  autoradiography 
and  defined  their  kinetic  properties  and  pharmacological  specificity. 

a.  NMDA  receptors:  Hiese  sites  are  selectively  activated  by  NMDA  and  less 
selectively  by  L-glutamate,  L-aspartate,  and  Lrhomocysteate.  Ihis  action 
is  most  potently  antagonized  by  the  D  isomer  of  2-amino-5- 
phosphonopentanoate  (D-AP5)  and  nearly  as  potently  by  D-2-amino-7- 
phosphonoheptanoate.  D-a-Aminoadipate  is  approximately  ten  fold  less 
potent.  NMDA  depolarizations  are  not  antagonized  by  glutamate  diethyl 
ester  (GDEE).  In  radioligand  binding  experiment  these  receptors  appear 
to  be  labelled  by  both  ^-L-glutamate  and  by  ^H-D-AP5.  Using  either 
ligand,  the  highest  concentrations  of  these  sites  in  the  rat  brain  are  found 
in  the  CAl  field  of  the  hippocampus.  These  receptors  display  considerable 
anatomical  specificity.  When  assessed  by  NMDA  displacement  of  ^H-L- 
glutamate  binding,  these  sites  can  be  observed  in  the  superficial  layers  of 
the  cerebral  cortex,  certain  amygdaloid  nuclei,  anterior  olfactory  cortex, 
and  striatum  (particularly  the  nucleus  accumbens). 

The  CAl  region  of  the  hippocampus  contains  the  highest  density  of 
these  sites.  Telencephalic  regions  in  general  have  high  levels  of  binding 
sites.  The  cerebral  cortex  shows  significant  density  variations  among  the 
differing  layers  and  regions,  with  ^e  highest  levels  found  in  the  frontal 
cortex  layers  l-m.  Within  the  basal  ganglia,  the  highest  levels  are  found 
in  the  nucleus  accumbens,  intermediate  levels  in  the  caudate/putamen, 
and  very  low  levels  in  the  globus  pallidus.  Thalamic  regions  have 
moderate  levels  with  variations  among  differing  regions.  Midbrain  and 
brainstem  have  low  levels  of  binding  sites  but  within  these  regions  there 
are  structures  exhibiting  higher  levels  (e.g.,  the  nucleus  of  the  solitary 
tract  and  the  inferior  olive).  Most  but  not  all  of  the  regions  previously 
proposed  to  use  glutamate  as  an  excitatory  transmitter  contain  a 
moderate  to  high  density  of  NMDA  sites.  Thus,  the  distribution  of  NMDA- 
sensitive  ^H-L-glutamate  binding  sites  suggests  that  the  NMDA  receptor 
represents  a  major,  distinct  subset  of  excitatory  amino  acid  receptors  and 
indicates  regions  in  which  neurotransmission  may  be  mediated  or 
modulated  by  this  receptor. 

b.  Kainate  receptors:  These  receptors  are  activated  by  kainate  (KA)  and 
domoate.  Excitation  of  this  receptor  is  antagonized  by  D-y- 
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glutamylglycine  (DGG),  Yflutamylaminomethylsulfonate  (GAMS),  and 
other  recently  identified  ante^onists.  It  should  be  noted  that  although 
these  antagonists  also  inhibit  NMDA  responses,  KA  responses  appear  to 
represent  distinct  receptors  since  the  selective  NMDA  antagonists  do  not 
inhibit  KA-^nduced  depolarizations. 

hi  radioligand  binding  experiments  these  sites  are  readily  labelled  by 
^H-KA.  Ihis  ligand  differentiates  two  binding  sites  with  high  and  low 
affinities.  Ihese  two  sites  apparently  have  a  similar  pharmacological 
profile,  and  are  both  thought  to  represent  the  KA  receptor.  Recent 
evidence  has  also  indicated  distinct  binding  site  populations  based  upon 
differing  association  and  dissociation  rate  kinetics.  Using 
autoradiographic  techniques,  ^H-KA  binding  sites  have  been  found  to 
display  a  marked  anatomical  specificity.  The  most  dense  localization  of 
these  sites  is  in  the  stratum  lucidum  of  the  hippocampus.  This  observation 
is  noteworthy  because  this  region  is  also  one  of  the  most  sensitive  regions 
in  the  CNS  to  the  excitotoxic  actions  of  KA.  Analysis  of  the  KA  receptor 
function  in  this  pathway  should  yield  valuable  insights  to  the  normal 
function  of  this  receptor,  bi  other  regions  of  the  brain,  KA  binding  sites 
are  preferentially  found  in  the  caudate/putamen,  deep  layers  of 
neocortex,  and  in  the  hypothalamus.  Together  with  the  observation  that 
these  binding  sites  are  enriched  in  purified  synaptic  junctions,  these 
results  suggest  that  KA  receptors  are  not  simply  a  non-specific 
excitotoxin  receptor  but  a  distinct,  pathway-specific  receptor. 

c.  Quisqualate  receptors:  Quisqualate  and  amino-3-hydroxy-5-methyl-4- 
isoxazolepropionate  (AM  PA)  selectively  activate  the  third  class  of 
excitatory  amino  acid  receptor.  Weak  antagonism  is  di^layed  by  GDEE 
and  cis-2, 3-piperidine  dicarboxylic  acid  (PD^.  In  general,  however,  these 
antagonists  are  neither  potent  nor  selective.  These  receptors  have  been 
reported  to  be  labelled  by  a  variety  of  radioligands.  It  appears  that  QA 
has  a  high  affinity  for  a  variety  ^  binding  sites,  but  to  date,  only  the 
binding  site  also  labelled  by  ^H-AMPA  displays  the  appropriate 
pharmacological  profile.  The  development  of  more  potent  and  selective 
antagonists  against  QA  and  AMPA  would  be  useful  for  confirming  the 
identity  of  the  ^H-AMPA  binding  site.  ^H-AMPA  sites  also  display 
considerable  regional  variation  when  assayed  by  autoradiographic 
techniques. 

These  binding  sites  are  found  in  high  concentrations  in  the 
hippocampus,  cerebral  cortex  (especially  layers  l-m),  induseum  g^iseum 
and  dorsal  lateral  septum.  Intermediate  concentrations  are  found  in  the 
corpus  striatum  and  deeper  layers  of  cerebral  cortex;  and  lower 
concentrations  are  found  in  the  diencephalon,  midbrain  and  brainstem. 
These  results  demonstrate  that  ^H-AMPA  binding  sites  are  found 
throughout  the  CNS  and  suggest  brain  r^ions  which  may  use  quisqualate 
receptors  as  glutamate  neurotransmitter  receptors. 

The  pharmacological  pr^rties  of  these  sites  correspond  to  those 
studied  by  electrophysiological  methods.  The  three  most  potent  and  well 
characterized  QA  receptor  agonists  (QA,  AMPA  and  L-glutamate),  are  the 
most  potent  displacers  of  AMPA  binding  to  tissue  sections.  Also  in  accord 
with  physiological  studies,  compounds  which  preferentially  act  at  the 
NMDA  receptor  are  not  potent  at  this  site  (D-a-aminoadipate,  D-2- 


amino-5-phosphonovalerate,  D-es{>artate,  2-amino-7-phosphonoheptanoate 
and  NMDA).  bi  addition,  K  A  is  found  to  be  greater  than  100-fold  more 
potent  as  a  displacer  of  ^H-KA  binding  than  ^H-AMPA  binding.  Ihus, 
binding  in  tissue  sections  has  the  pharmacological  q>ecificity  expected  for 
the  AM  PA/Q  A  receptor. 

Currently,  the  KA  and  QA  receptors  are  both  good  candidates  for 
the  receptor(s)  mediating  the  fast  EPSP  response  in  a  number  of 
excitatory  amino  acid  pathways.  Ihe  general  excitatory  amino  acid 
antagonists  DGG,  PDA,  GAMS,  and  kynurenate,  block  the  evoked  synaptic 
response  while  the  selective  NMDA  antagonists  do  not  inhibit  the 
responses.  In  general,  KA  and  QA  have  been  found  to  have  similar 
pharmacological  profiles.  It  is  usually  the  case  that  if  an  antagonist 
blocks  the  responses  to  QA  then  it  will  block  the  responses  to  KA  to  a 
slightly  greater  extent.  Evidently,  the  structural  specihcity  requirements 
for  these  two  receptors  are  relatively  similar.  Ihe  nonselective 
excitatory  amino  acid  antagonists  are  effective  against  synaptic  responses 
in  the  spinal  cord,  the  caudate  nucleus,  dentate  gyrus,  hippocampal  CAl 
and  CA3  fields,  retina,  and  nucleus  of  the  solitary  tract.  Since  the 
potency  of  the  available  antagonists  for  the  synaptic  receptor  is  not 
remarkably  different  from  that  against  KA  and  QA  responses,  it  is  not 
possible  at  present  to  define  precisely  the  receptor  mediating  the  synaptic 
response. 

Conclusion 

hr  the  past  several  years  we  provided  the  first  definition  of  the  major  receptor 
types  at  a  biochemical  level,  showed  they  could  be  localized  anatomically  and  described 
their  organization  in  the  rodent  brain.  Ihus,  these  findings  provide  a  solid  foundation 
upon  which  the  role  of  glutamate  receptors  in  synaptic  plasticity,  various  brain 
pathologies,  neurotoxicity  and  learning  and  memory  can  be  evaluated  rigorously. 

As  the  acidic  amino  acids  L-glutamate,  L-aspartate,  and  others  play  a  central  role 
in  intermediary  metabolism,  as  well  as  serving  as  transmitters,  they  present  special 
difficulties  in  identifying  the  neurons  which  use  these  compounds  as  neurotransmitters. 
Ihus,  unlike  other  neurotremsmitters  such  as  acetylcholine,  determination  of  L-glutamate 
and  its  synthetic  enzymes  in  a  neuron  does  not,  in  itself,  indicate  that  this  cell  uses 
glutamate  as  a  neurotransmitter.  Ihus,  studies  of  glutamate  levels,  enzyme  activities, 
and  uptake,  are  complicated  by  the  metabolic  role  of  L-glutamate.  Cons^uently, 
despite  the  strong  evidence  for  glutamate  mediated  neurotransmission,  it  is  difficult,  and 
not  always  feasible,  to  definitively  establish  the  use  of  L-glutamate  as  a 
neurotransmitter  in  a  given  neuronal  p<^ulation.  Ihus,  the  identification  of  the 
excitatory  amino  acid  receptor  used  at  a  given  synapse  is  a  critical  and  straightforward 
test  for  establishing  that  an  acidic  amino  acid  is  used  at  that  synapse.  With  the 
difficulty  in  demonstrating  that  specifically  L-glutamate,  L-aspartate,  or  a  closely 
related  derivative  (L-homocysteate,  L-cysteate,  cysteine  sulfonate,  and  others)  is  the 
transmitter  in  a  given  synapse,  it  is  now  possible  to  establish  the  identity  of  the 
excitatory  amino  acid  receptor  used  without  knowing  the  identity  of  the  transmitter. 

Recent  progress  in  the  characterization  of  the  excitatory  amino  acid  receptors,  ^ 
development  of  better  antagonists  will  lead  to  a  better  understanding  of  the  in  vivo 
functions  of  these  receptors,  their  mechanisms  of  action  (e.g.  second  messenger  systems) 
and  the  development  of  defensive  posture  against  neurotoxic  agents  with  similar 
structure  reproperties. 
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